1. Introduction {#sec1}
===============

Decellularized tissues are widely used as biomaterials as well as scaffolds for tissue engineering and regenerative medicine. Various decellularized tissues have been developed, including dermis, arterial, pericardium, tendon, liver, and cornea \[[@bib1], [@bib2], [@bib3], [@bib4], [@bib5], [@bib6]\]. Although decellularized tissues have been of interest in medical fields for over 20 years, few of their physical or chemical characteristics have been reported \[[@bib7], [@bib8], [@bib9]\]. As the application of decellularized tissues is expanded, their basic characterization is becoming important to support their use as medical materials. For instance, the mechanical properties of decellularized tissues have been investigated in the interest of quality assurance for commercial products. Other properties have not been studied in detail until now.

This work focuses on decellularized tissue as a soft biomaterial for use in implants. To date, soft synthetic materials have not been widely used as implants. Some exceptions include artificial blood vessels and anti-adhesion membranes. Hydrogels are believed to have good biocompatibility because of their mechanical properties and hydrated nature, similar to living tissue, which also contains a high proportion of water. Hydrogels have been studied for use in applications including contact lenses, drug delivery and wound dressings for a number of years \[[@bib10], [@bib11], [@bib12]\], while decellularized tissues have been widely used for the long-term substitution of living tissue, such as blood vessels, heart valves, and corneas \[[@bib13], [@bib14], [@bib15], [@bib16]\]. A comparison of the differences between hydrogels and decellularized tissue is therefore of interest for the development of new hydrogels as implantable biomaterials.

In addition, commercially available decellularized dermis is stored and delivered either dry or wet. Dry dermis can be stored longer than wet dermis, but has to be re-hydrated prior to use [@bib17]. Knowledge of dermis wettability and water absorption during the re-hydration process is valuable for method development.

In this work, to characterize the water content of decellularized tissue, we focus on the rehydration of freeze-dried decellularized tissue. The rehydration behavior of hydrogels has been widely studied \[[@bib18], [@bib19], [@bib20]\]; therefore the rehydration of decellularized tissues was studied in parallel with the better-understood hydrogel systems for comparison. Poly(acrylamide) and gelatin gels were used as synthetic and biological hydrogels, respectively.

2. Materials and methods {#sec2}
========================

2.1. Harvest of porcine dermis {#sec2.1}
------------------------------

Fresh porcine skin was purchased from a local slaughterhouse (Tokyo Shibaura Zouki, Tokyo, Japan). After the epidermal and fat layers were mechanically removed, the dermis was cut into circular samples 12 mm in diameter. The samples were washed in saline and sterilized by washing in Isodine (Meiji Seika, Tokyo, Japan) overnight at 4 °C. They were then washed in gentamicin (Wako Chemical, Tokyo, Japan) overnight at 4 °C and stored in saline at 4 °C.

2.2. Preparation of decellularized dermis {#sec2.2}
-----------------------------------------

The dermis samples were washed in 10 mM tris-HCl with 0.1 % ethylenediaminetetraacetate (EDTA) for 24 h at 4 °C, 0.5 % agarose and 1.25 % trypsin for 4 h at 37 °C, and 10 mM tris buffer with 0.1 % EDTA and 0.1% sodium dodecyl sulfate (SDS) for 24 h at room temperature. Samples were then washed with 50 nM tris-HCl buffer with 10 mM MgCl~2~, 50 μg/ml bovine serum albumin (BSA), 50 U/ml DNase I, and 1 U/ml RNase for 4 h at 37 °C, followed by 0.1 % EDTA in phosphate-buffered saline (PBS) for 72 h at 37 °C ([Fig. 1](#fig1){ref-type="fig"}) [@bib21].Fig. 1Preparation of decellularized dermis. Solution A: 10 mM tris-HCl buffer and 0.1 % EDTA in water; Solution B: 0.5 % agarose and 1.25 % trypsin in water; Solution C: 10 mM tris buffer with 0.1 % EDTA and 0.1 % SDS in water; Solution D: 50 mM tris-HCl buffer with 10 mM MgCl~2~ and 50 μg/ml BSA and 50 U/ml DNase and 1 U/ml RNase in water; Solution E: 0.1 % EDTA in PBS.Fig. 1

2.3. Histological examination {#sec2.3}
-----------------------------

The native and decellularized dermis samples were fixed with 10 % neutral-buffered formalin solution and gradient-dehydrated with ethanol. They were then embedded in paraffin blocks, sliced into 5 μm thick sections, and stained with Mayer\'s hematoxylin-eosin (H-E).

2.4. Preparation of gelatin hydrogels {#sec2.4}
-------------------------------------

Type "a" gelatin (SIGMA-Aldrich Japan, Tokyo, Japan) was used to prepare the biopolymer hydrogels. A 10 % gelatin solution was mixed with 0.1 %, 0.5 %, and 1 % glutaraldehyde (GA), poured into a gel plate, and stored for 12 h at 4 °C. After treating the samples with 100 mM glycine on a shaker for 72 h at 37 °C to terminate the polymerization, 10 %--0.1 % GA (10--0.1 G gel), 10 %--0.5 % GA (10--0.5 G gel), and 10 %--1 % GA (10-1 G gel) hydrogels were harvested. Finally, 12 mm diameter, 4 mm thick samples were cut and washed with water.

2.5. Preparation of poly(acrylamide) hydrogel {#sec2.5}
---------------------------------------------

Acrylamide (SIGMA-Aldrich Japan, Tokyo, Japan) was used to prepare the synthetic hydrogels. A 0.5 % acrylamide solution was mixed with 0.5 % ammonium persulfate and 0.5 % N,N,N′,N′-tetramethylethylenediamine, and then poured onto a gel plate. After polymerization to poly(acrylamide) (PA) at room temperature, 5 % (5PA gel), 10 % (10PA gel), 20 % (20PA gel), and 30 % (30PA gel) hydrogels were prepared using the same process. 12 mm diameter, 4 mm thick samples were then cut and washed with water.

2.6. Freeze-drying process {#sec2.6}
--------------------------

Samples were exchanged with water for 48 h at 4 °C, subjected to rapid freezing with liquid nitrogen, and then dried under reduced pressure for 24 h using a Freeze Dryer (FDU-2000 TOYKO RIKAKIKAI, Tokyo, Japan).

2.7. Water absorption experiments {#sec2.7}
---------------------------------

The dry weight of the samples was established and they were then immersed in water and removed at various time points to be reweighed. As a control, native dermis was also examined. n = 3 measurements were taken for each group. All data are expressed as mean ± standard deviation.

2.8. Determination of the mass transfer coefficient {#sec2.8}
---------------------------------------------------

To describe rehydration, water absorption (Q) was calculated from [Eq. (1)](#fd1){ref-type="disp-formula"}:$$Water\ absorption\ \left( Q \right) = \frac{W_{t} - W_{0}}{W_{0}}$$where W~0~ is the dry weight of the sample, and W~t~ is the weight at time "t."

Fick\'s second law was used to describe the absorption mechanism of the hydrogels [@bib17]. The diffusion exponent *n* of the dermis, gelatin hydrogels and poly(acrylamide) hydrogels was calculated from [Eq. (2)](#fd2){ref-type="disp-formula"}:$$\frac{M_{t}}{M_{\infty}} = k\ t^{n}$$where M~t~ is the mass of water absorbed at time "t," M~∞~ is the mass of water absorbed at equilibrium (after 48 h), *n* is the diffusion exponent of the dermis, gelatin hydrogels and poly(acrylamide) hydrogels, and k is a characteristic constant of the polymer.

To describe the variation in water diffusion during absorption, the diffusion coefficient *D* was calculated from [Eq. (3)](#fd3){ref-type="disp-formula"}:$$\frac{M_{t}}{M_{\infty}} = \frac{2}{l}\left( \frac{D}{\pi} \right)^{0.5}t^{0.5}$$where l is the sample thickness. Measurements were performed up to M~t~/M~∞~ \< 0.9 \[[@bib19], [@bib20], [@bib21], [@bib22], [@bib23]\].

To investigate the relationship between *D* and the degree of swelling H, [Eq. (4)](#fd4){ref-type="disp-formula"} was used to calculate:$$Log\ D = Log\ D_{0} - K\left( {\frac{1}{H} - 1} \right)$$Where *D*~*0*~ is the diffusion coefficient in pure solvent, and K is a characteristic constant [@bib24].

3. Results {#sec3}
==========

3.1. Decellularization of dermis {#sec3.1}
--------------------------------

HE staining was used to evaluate the effects of decellularization on the preservation of tissue structure relative to native dermis ([Fig. 2](#fig2){ref-type="fig"}). Cell nuclei (thin arrows in [Fig. 2](#fig2){ref-type="fig"}A) were not observed after decellularization ([Fig. 2](#fig2){ref-type="fig"}B). Small and large gaps were observed in both native and decellularized dermis, however, large gaps were more prevalent in the latter (thick arrow in [Fig. 2](#fig2){ref-type="fig"}B).Fig. 2HE-stained images of A: Native dermis, and B: Decellularized dermis. Thin arrows: nuclei, Thick arrow: large gap.Fig. 2

3.2. Water absorption {#sec3.2}
---------------------

Water absorption by decellularized and native dermis, glutaraldehyde-crosslinked gelatin and crosslinked poly(acrylamide) hydrogels was investigated by gravimetric analysis ([Fig. 3](#fig3){ref-type="fig"}). Decellularized dermis absorbed water quickly in the first 10 min and very little subsequently. Whereas, native dermis absorbed water quickly in the first 20 min, slowed down slightly after that, and then continued gradually until it reached equilibrium after 2 h. At equilibrium, both native and decellularized dermis had absorbed similar amounts of water, which was almost 1.5 times their original weight ([Fig. 3](#fig3){ref-type="fig"}A, B).Fig. 3Water absorption by A, B: Biological tissues; C, D: Gelatin hydrogels; and E, F: Crosslinked poly(acrylamide) hydrogels. A, C, E: initial. B, D, F: late stage. n = 3 measurements for each group. Data are mean ± standard deviation.Fig. 3

Crosslinking density was adjusted to assess hydrogel water absorption in the gelation hydrogels group. In [Fig. 3](#fig3){ref-type="fig"}C, D, the glutaraldehyde-crosslinked gelatin hydrogels absorbed water quickly over the first 10 min. The 10--0.5 G and 10-1 G gels did not exhibit any absorption after 10 min, while the 10-0.1 G gel had a small increase and plateaued after 60 min ([Fig. 3](#fig3){ref-type="fig"}C). Although the 10-0.5 G gel absorbed the most water in the first 10 min, the total volume of water absorbed after reaching equilibrium was similar to that of the 10-0.1 G gel. After 48 h, the 10-0.1 G and 10-0.5 G gels absorbed almost 5.7 times their initial weight, whereas the 10-1 G gel absorbed much less at 2.4 times its initial weight ([Fig. 3](#fig3){ref-type="fig"}D).

Polymer concentration was adjusted to assess water absorption of hydrogels in the crosslinked poly(acrylamide) hydrogel group. [Fig. 3](#fig3){ref-type="fig"}E, F show that all of the PA gels examined absorbed water quickly during the first 10 min, and continued to absorb gradually after that. Over the full absorption process, the 5PA gel absorbed the most followed by the 10PA gel. After the first 60 min, the 20PA and 30PA gels absorbed a similar amount of water, however, after 48 h, the 20PA gel had absorbed more water than the 30PA gel. After 48 h, the amount of water absorbed by the 5, 10, 20, and 30 PA gels was 15.5, 11.2, 7.2, and 5.5 times their own weight, respectively ([Fig. 3](#fig3){ref-type="fig"}F).

3.3. Dermis and hydrogel diffusion exponents {#sec3.3}
--------------------------------------------

The diffusion exponent *n* in [Eq. (2)](#fd2){ref-type="disp-formula"} was used to describe the pattern of water absorption by the dermis, glutaraldehyde-crosslinked gelatin hydrogels and crosslinked poly(acrylamide) hydrogels. M~∞~ is the mass of water absorbed at equilibrium, M~t~/M~∞~ \< 0.6 during the initial absorption, and 0.6 \< M~∞~ \< 0.9 at the later stage of absorption. For each sample, *n* is listed in [Table 1](#tbl1){ref-type="table"}. All values of *n* were less than 0.5, and could be divided into two groups; close to 0.5 or less than 0.3. At the initial absorption stage, values of *n* for the native dermis and for the 10-1 G gel, 20PA gel, and 30PA gel, were less than 0.3; whereas, those of the 10-0.1 G gel, 5PA gel, and 10PA gel were close to 0.5. At later absorption stages, all values were less than 0.3. Decellularized dermis and the 10--0.5 G gel absorbed water too quickly in the initial absorption stage for *n* to be calculated.Table 1Calculated diffusion exponents for water absorption kinetics.Table 1PolymerPolymer concentration (%)Cross-linker concentration (%)M~t~/M~∞~ \< 0.60.6 \< M~t~/M~∞~ \< 0.9*n*SD*n*SDNative dermis----0.1810.0420.2470.099Decellularized dermis--------0.2410.052Glutaraldehyde-crosslinked gelatin hydrogels100.10.4220.1560.1560.004100.5----0.2510.0251010.259--0.1120.005Crosslinked poly(acrylamide) hydrogels50.50.4580.1580.1380.009100.50.4170.0860.1810.046200.50.2620.0110.2370.019300.50.203--0.1990.056[^1]

The diffusion exponent *vs*. time was used to evaluate changes in the water absorption patterns over the full 48 h study period ([Fig. 4](#fig4){ref-type="fig"}). Native and decellularized dermis did not exhibit changes in gradient ([Fig. 4](#fig4){ref-type="fig"}A), however changes were observed for all of the hydrogels examined. The 10-0.5 G gel, 10-1 G gel, 5PA gel, and 10PA gel showed larger changes; while, the 10-0.1 G gel, 20PA gel and 30 PA gel exhibited smaller changes ([Fig. 4](#fig4){ref-type="fig"}B, C).Fig. 4Relationship between M~t~/M~∞~ and time for A: Biological tissues; B: Glutaraldehyde-crosslinked gelatin hydrogels; and C: Crosslinked poly(acrylamide) hydrogels.Fig. 4

3.4. Water diffusion coefficient of dermis and hydrogels {#sec3.4}
--------------------------------------------------------

*D* calculated from [Eq. (3)](#fd3){ref-type="disp-formula"} was used to evaluate water mobility through the matrix. As shown in [Fig. 5](#fig5){ref-type="fig"}, decreasing *D* values were observed for native and decellularized dermis; all glutaraldehyde-crosslinked gelatin hydrogels; and the 30PA gel. No decrease was observed for the 5PA, 10PA, or 20PA gels.Fig. 5Relationship between diffusion coefficients and time for A: Biological tissues; B: Glutaraldehyde-crosslinked gelatin hydrogels; and C: Crosslinked poly(acrylamide) hydrogels.Fig. 5

3.5. Relationship between diffusion coefficient and degree of swelling {#sec3.5}
----------------------------------------------------------------------

[Fig. 6](#fig6){ref-type="fig"} shows Log *D vs*. 1/H for each sample, as calculated from [Eq. (4)](#fd4){ref-type="disp-formula"}. This demonstrates that Log *D* and 1/H had a linear relationship.Fig. 6Relationship between degree of hydration and water diffusion coefficients. A: Dermis; B: Glutaraldehyde-crosslinked gelatin hydrogels; C: Crosslinked poly(acrylamide) hydrogels.Fig. 6

4. Discussion {#sec4}
=============

Various decellularization methods such as high hydrostatic pressure (HHP), sodium deoxycholate (SDC), SDS, Triton X-100, and trypsin treatments have been developed to remove cell nuclei from tissue \[[@bib3], [@bib25]\]. SDS was used in this work because it is readily available and has been used on various tissues \[[@bib26], [@bib27], [@bib28]\]. After decellularization of the porcine dermis, the nuclei were removed, resulting in much larger gaps between the collagen fibrils ([Fig. 2](#fig2){ref-type="fig"}). This indicates that SDS also removes extracellular components from the dermis.

Hydrogels can hold large quantities of water in their three-dimensional networks, and have been shown to be highly biocompatible in drug delivery, cell encapsulation, and tissue repair applications. Hydrogel parameters such as water absorption, diffusion, and re-hydration have been widely characterized \[[@bib29], [@bib30]\]. In this work, the water absorption behavior of decellularized dermis was compared with biological hydrogels (glutaraldehyde-crosslinked gelatin gels) and synthetic hydrogels (crosslinked poly(acrylamide) gels).

Crosslinking density and polymer concentration were adjusted to assess the water absorption of glutaraldehyde-crosslinked gelatin and crosslinked poly(acrylamide) hydrogels, respectively. [Fig. 3](#fig3){ref-type="fig"} shows that all of the examined hydrogels absorbed water slowly until equilibrium was reached. Hydrogels with low crosslinking densities and concentrations were able to absorb greater quantities of water than those with high crosslinking densities and concentrations because they allow greater expansion of the gel network, thus accommodating higher water absorption. Decellularized dermis slowly absorbs water before reaching equilibrium, similar to glutaraldehyde-crosslinked gelatin and crosslinked poly(acrylamide) hydrogels, but in comparison with the hydrogels absorbs a relatively small amount of water. Decellularized dermis reaches equilibrium much faster and absorbs a larger amount of water than native dermis because of the large gaps formed by SDS treatment ([Fig. 2](#fig2){ref-type="fig"}), allowing water to easily penetrate the matrix.

Ritger and Peppas reported that the value of *n* depends on the diffusion mechanism. The transport is less Fickian when *n* \< 0.5, Fickian diffusion when *n* = 0.5, and non-Fickian when *n* \> 0.5 \[[@bib19], [@bib20], [@bib22], [@bib23]\]. As discussed above and shown in [Table 1](#tbl1){ref-type="table"}, *n* \< 0.5 in all cases, which indicates that water diffuses into dermal tissue, glutaraldehyde-crosslinked gelatin and crosslinked poly(acrylamide) hydrogels by Fickian diffusion. It is also evident that *n* is markedly lower for hydrogels with low crosslinking density (10--0.1 G gel) and low polymer concentration (5PA and 10PA gels). For dermis tissue, high crosslinking hydrogels (10-1 G gel), and high concentration hydrogels (20PA and 30PA gels) *n* values were closer to 0.5. Furthermore, the hydrogels with low polymer concentrations and crosslinking densities showed significant swelling, while dermal tissue and hydrogels with high concentrations and crosslinking densities showed only slight swelling ([Table 1](#tbl1){ref-type="table"}, [Fig. 3](#fig3){ref-type="fig"}) [@bib16]. This suggests that, during the water absorption process, the ability of the glutaraldehyde-crosslinked gelatin and crosslinked poly(acrylamide) hydrogels to swell influences their water absorption behavior. Water absorption behavior changed from initial absorption to later absorption in low crosslinking and low concentration glutaraldehyde-crosslinked gelatin and crosslinked poly(acrylamide) hydrogels, however the change was not marked. This indicates that even within Fickian diffusion, there are two different water absorption behaviors for hydrogels.

In this study, freeze-dried samples were used to investigate water absorption behavior, therefore, the samples can be discussed macroscopically as solid polymer, with the results being explained by free-volume theory. In polymers, molecular diffusion occurs through gaps between the polymer molecules (free volume) \[[@bib24], [@bib31], [@bib32], [@bib33]\]. Thus, the free volume in tissues, glutaraldehyde-crosslinked gelatin, and crosslinked poly(acrylamide) hydrogels, enables Fickian water diffusion. In glutaraldehyde-crosslinked gelatin and crosslinked poly(acrylamide) hydrogels, the internal free volume decreases with increasing polymer concentration and crosslinking density. Hence, water absorption was lower for hydrogels with high crosslinking densities and polymer concentrations relative to those with low crosslinking densities and polymer concentrations ([Fig. 3](#fig3){ref-type="fig"}C--F). Many tissue components such as cells, polysaccharides, and proteins were removed during decellularization, thereby increasing the free volume, and allowing more water to be absorbed relative to the native dermis ([Fig. 3](#fig3){ref-type="fig"}A, B).

The mobility of water in the samples can be estimated from the diffusion coefficient (*D*) ([Eq. (3)](#fd3){ref-type="disp-formula"}). During the water absorption process, water was absorbed from the surface to the interior, it can therefore be considered continuous membrane absorption. According to the free-volume theory of diffusion, when a solute diffuses into a swelling film, and the interaction between the solute and polymer chain can be ignored, then *D* and degree of swelling H conform to [Eq. (4)](#fd4){ref-type="disp-formula"}. [Fig. 6](#fig6){ref-type="fig"} shows that Log *D vs* 1/H was linear for all samples. This suggests that the interaction between water and polymer can be ignored, and that the degree of swelling dominates diffusion.

It is evident from [Fig. 5](#fig5){ref-type="fig"}, that during absorption, the diffusion rate decreases in dermis tissue and in highly swollen glutaraldehyde-crosslinked gelatin and crosslinked poly(acrylamide) hydrogels (*n* unchanged), while it does not decrease in less swollen glutaraldehyde-crosslinked gelatin and crosslinked poly(acrylamide) hydrogels (*n* decreased). To understand this, the relationships between the swelling rate, *n*, and *D* values were examined. Because hydrogels with low crosslinking densities and low polymer concentrations swell easily, swelling occurred immediately following immersion in water. As a result, the voids involved in water penetration became narrow, and *D* values did not change appreciably. In contrast, when the effect of swelling was greater, *n* decreased ([Fig. 7](#fig7){ref-type="fig"}A). The glutaraldehyde-crosslinked gelatin and crosslinked poly(acrylamide) hydrogels with high crosslinking densities and high polymer concentrations showed very little swelling. As a result, when these hydrogels were immersed in water, swelling occurred slowly and voids involved in water penetration narrowed gradually, decreasing *D* values. When the swelling was low, *n* did not change ([Fig. 7](#fig7){ref-type="fig"}B). The decellularized dermis initially had both large gaps and voids that between collagen fiber bundles, allowing water to penetrate into the large gaps, followed by the voids between the collagen fiber bundles, which resulted in decreasing *D* values. However, because the decellularized dermis took time to absorb water, the swelling did not occur during water absorption; therefore, *n* did not change ([Fig. 7](#fig7){ref-type="fig"}C) \[[@bib18], [@bib34]\].Fig. 7Water absorption A: low crosslinking, low concentration glutaraldehyde-crosslinked gelatin and crosslinked poly(acrylamide) hydrogels, B: High crosslinking, high concentration glutaraldehyde-crosslinked gelatin and crosslinked poly(acrylamide) hydrogels, and C: Dermis.Fig. 7

5. Conclusion {#sec5}
=============

The mechanism of water absorption by decellularized porcine dermis was investigated and compared with those of glutaraldehyde-crosslinked gelatin and crosslinked poly(acrylamide) hydrogels. The process obeyed Fick\'s second law. Decellularized dermis was found to be a low-water-absorption material. Gaps in the tissue structure effect water absorption, and there was almost no swelling in the fiber layer during water absorption. These results provide an improved understanding of dermis water absorption and may lead to possible applications of decellularized dermis and the development of new hydrogels.
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[^1]: n = 3.
